The BioImage Database is an ontology-driven image database for multidimensional images of biological specimens. It is built using Jena and other Open Source components around an ImageStore Ontology written in OWL-DL that describes all aspects of the image. Manual metadata entry is simplified by the dynamic creation from the underlying ontology of simple Web form user submission interfaces (Fig 1.) Automated metadata entry will also be possible where metadata already exist in digital form. An advanced search interface permits accurate retrieval of relevant images. During this retrieval process, Web Service interactions with third-party services can permit the textual descriptions of the image to be marked up on the fly with definitions of key terms, including the disambiguation of gene names (Fig 2. ).
Introduction
Images and videos form a vital part of the scientific record. The significance of microscopy images in the process of determining the spatio-temporal expression patterns of gene products cannot be over-estimated. These images are important assets created by the scientific process, but they are only useful if they can be found by those interested in viewing or using them. Images held on dusty stacks of CDs, or mislabelled and forgotten in obscure directories on a hard drive, are not scientific assets but liabilities.
The volume of such images is also significant, particularly with the advent of high-content high-throughput image screening techniques for assessing gene function using gene transfection and RNAi knockout technologies. These technologies are capable of generating 40,000 images a day, while functional MRI scans can generate 100Gb of data with each experiment.
Making large volumes of image data accessible to researchers therefore presents unique challenges. While for some types of data -notably text and genome sequences -it is possible to extract considerable semantic metadata by analysis of the data itself, the same is not true of images because they are not selfdescribing. While the semantics of an image may be readily appreciated by the human mind, the raw pixel values convey no semantic meaning to a computer.
It is also unreasonable to expect that all the world's biological research images will be submitted to a single central repository. For one thing, the volume of raw life science image data dwarfs the volume of data stored in the central sequence and crystallographic databases. For another, the images are not unique universals, but are particular examples from an infinite possibility of potential images.
So how are we to make life science image data available, given current technology? One possible answer to this is to be found in our development of the BioImage Database.
The BioImage Database
The BioImage Database project (www.bioimage.org) [1, 2, 3, 4] was originally intended to meet four needs: i) to provide the scientific community with a freely accessible database and archive of high-quality multidimensional digital images of biological research relevance, both 'raw' and processed, with detailed supporting metadata.
ii) to make the images and their metadata available electronically via the Internet for personal study, educational, commercial, medical and scientific research purposes;
iii) to provide tools and interfaces to assist in the submission, discovery, downloading and visualization of such images, and in making comparisons between them; and iv) to provide links between these image data and other relevant items of digital biological information including sequence and structural databases and the online scientific literature.
Taking its name and concept from an earlier prototype [5, 6, 7] , the BioImage Database has over the past three years been completely redesigned and rewritten within the Image Bioinformatics Research Group at the University of Oxford.
It is now a standards-based development that uses Open Source components throughout, and employs Semantic Web technologies to provide a semantic reasoning layer between the users and the stored metadata.
This development has been funded by and has taken place within the framework of the European Commission ORIEL Project (an Online Research Information Environment for the Life Sciences; http://www.oriel.org), which as been developing tools and procedures to promote access to and integrated retrieval of various types of digital biological information.
The reasons for the choice of this development path for the BioImage Database are two-fold. Firstly, we had come to realise that few commercially available relational database systems for image management satisfied their customers' needs. Queries of such multimedia databases rarely resulted in complete and accurate data retrieval. The reasons for this include inadequate metadata, ambiguity of search terms and poorly designed interfaces. These shortcomings in turn resulted from an incomplete understanding of the complexities of annotating multimedia objects and from the difficulty of designing efficient data storage and retrieval systems for the large sparsely populated data sets that constitute image metadata. We knew that many institutions had abandoned expensive proprietary image asset management systems, or were dissatisfied with them because they were found to be cumbersome, inflexible, or of too limited functionality for the customers' real-world applications.
Additionally, we believed that Semantic Web technologies had the potential to provide functionalities that went significantly beyond those of even an ideal relational database, particularly in terms of enabling semantically 'smart' searches that would enhance the precision and recall.
The realization of our vision for an ontology-enabled image database has taken longer than we at naïvely anticipated, but we are now in a position to demonstrate a publicly accessible working database, which we have started to populate with new images derived from current original biological research.
The ImageStore Ontology
Central to the organisation of the BioImage Database is the ImageStore Ontology, written in OWL-DL (http://www.w3.org/2004/OWL) and developed using the Protégé OWL plug-in ( http://protege.stanford.edu/plugins/ owl). All user interactions with the database are mediated through this ontology, which defines the metadata descriptors used for the images.
In constructing the ImageStore Ontology, we borrowed relevant parts from the prototype BioImage data model to describe scientific experiments and their associated metadata, from AAF (the Advanced Authoring Format for multimedia; http://www.aafassociation.org) to describe media objects, from MPEG-7 (the ISO/IEC "Multimedia Content Description Interface" standard; http://www.chiariglione.org/ mpeg/standards/mpeg-7/mpeg-7.htm) to describe semantic content, and from Dublin Core ( http://dublincore.org) to define universal concepts (title, author, etc.) useful for crossdatabase resource discovery. iii) the image denotation (i.e. brute facts about the subject that has been imaged, specimen preparation method, etc.), and iv) the image connotation (the interpretation, meaning, purpose or significance of the imaged subject, its relevance to its creator and others, and its semantic relationship to other imaged subjects).
The metadata domains thus cover not only who created an image, and when, where, how and why it was made, but also what the image actually represents, and its significancearguably the most important kind of metadata [8] .
The Jena 2 toolkit from HP Research Labs (http://www.hpl.hp.com/semweb/jena2.htm) is used to handle the ImageStore Ontology and integrate it with third-party ontologies imported to permit description of the biological entities being captured in the images, such as the Gene Ontology ( http://www.geneontology.org) to describe genes and gene products and the NCBI taxonomy ( http:// www.ncbi.nlm.nih.gov/Taxonomy) to identify species.
The image metadata themselves are stored as RDF within a PostgreSQL database ( http://www.postgresql.org) that is employed as an RDF triple store, while SPARQL (http://www.w3.org/TR/rdf-sparql-query) is used as the query language for the RDF metadata. The image files themselves are referenced by a URI, and can either be housed locally or held on any Web server elsewhere in the world.
Lessons learned
During the life of the BioImage project, we have moved from Jena 1.0 to Jena 2.3, from DAML+OIL to OWL, from walking the model in java to sparql queries, and from a relational database to a hybrid, to the jena triple store, and back to a sort-of hybrid. We have learned a lot along the way, and some key lessons are perhaps worth sharing.
a) The ontology-driven submission interface is, we increasingly feel, a mistake. Originally we were attracted by the complete flexibility the approach provided, allowing us to change the ontology, restart the server, and immediately add new data . However, this approach tightly couples the model and the view, which it turns out is just as ugly in this application as it is with a more traditional database structure. For example our ontology says that a thumbnail is a property of a study, experiment or image and also an image derived from an image created during an event that is part of an experiment. This is confusing for users, who need to be presented with a simplified interface. b) We have tried to concentrate our efforts on describing our domain of interest -multidimensional images and their description and creation. We would like to have imported other ontologies to describe, for example, authors, papers, and institutions. This has proved difficult since most of the available ontologies are too tightly specified to achieve consensus. For example we regard the authors of a paper as an ordered list of peoplewhile the ontologies covering this domain specify that authors are strings, unordered lists, or a single string. c) Reasoning is slow and requires a lot of memory.
Even in our relatively small test dataset, we have found that using reasoning at the retrieval stage gives responses that our users deem too slow. For this reason we have chosen to do our reasoning 'on the way in' -which may lead to problems in future if the ontology is subsequently changed.
Conclusion: the value of BioImage
Semantic web technologies offer a mechanism integrating image data with the bioinformatics databases, providing a mechanism for helping researchers navigate through what is becoming an intricate and confusing information landscape.
The BioImage Database provides a tool to facilitate this linking. A second potentially useful outcome of this project has been the development of a mechanism for creating ontology-driven html input forms for the collection of instance data. 
